Activator protein 1 (AP-1) transcription factors play important roles in specifying and executing essential genetic programs. Proteins that form AP-1 belong to the basic leucine zipper (bZIP) family and bind DNA as obligate homo-or heterodimers (for review, see reference 33). The bZIP motif consists of a DNA-binding domain rich in basic amino acids and an adjacent protein-protein dimerization domain known as the leucine zipper structure, which is characterized by leucines at every seventh residue (21) . c-Jun and c-Fos are the prototype AP-1 components. The related proteins, JunB, JunD, Fra1, Fra2, and FosB, show expression patterns and transactivation potentials distinct from those of c-Jun or c-Fos. While Jun proteins can dimerize with each other and with the Fos proteins, Fos proteins cannot form homodimers (26) . The AP-1 complexes are not limited to Jun and Fos dimers, since certain Jun and Fos proteins have been shown to dimerize with other bZIP proteins, such as ATF2, MAF, and their related proteins (for review, see reference 5). Various AP-1 dimers differ in DNA binding affinity and specificity. For example, Jun-Fos heterodimers preferentially bind to the heptamer consensus, 5Ј-TGA(C/G)TCA-3Ј, known as the TPA response element (TRE), while Jun-ATF dimers prefer the octamer consensus 5Ј-TGACGTCA-3Ј known as the cyclic AMP response element (CRE). These binding sites have been found in the regulatory regions of a wide range of genes, including transcription factors, matrix-degrading enzymes, cell adhesion molecules, cyclins, and cytokines. Jun-Fos dimers that have similar DNA binding specificities can differ in transcriptional activity due to nonconserved domains located outside the bZIP region that can be regulated by phosphorylation. It is therefore plausible that AP-1 dimers of different composition execute specific cellular programs.
AP-1 complexes in exponentially growing mouse NIH 3T3 fibroblasts are predominantly dimers containing c-Jun, JunD, and Fra2 (19, 20) . In serum-starved fibroblasts, JunD accumulates while the level of the other members decreases. Mitogenic stimulation induces the synthesis of c-Jun, JunB, c-Fos, Fra1, Fra2, and FosB in a defined order (19, 20) . In addition, we have recently shown that the abundance and phosphorylation of Jun proteins vary during the cell cycle (2) .
The combinatorial character of the AP-1 transcriptional complex makes the interpretation of overexpression experiments difficult. Introduction of a new bZIP species into the cell can produce primary effects from homodimerization of itself or from heterodimerization with usually unidentified endogenous bZIP proteins, which cause potentially widespread effects by titrating out certain monomers and shifting the equilibrium within the AP-1 pool. Furthermore, the expression level and phosphorylation status of individual bZIP proteins in the recipient cell can be dramatically different depending on cell type and cell context. To overcome these difficulties, we developed a tethering strategy. Inspired by successful examples using other dimeric molecules, we joined two AP-1-forming monomers by a flexible polypeptide so that they formed an intramolecular dimer. In this study, we characterized the biochemical properties and biological activities of tethered JunϳFos pro-teins (the tilde indicates a tethered dimer). These single-chain AP-1 molecules revealed differences in the transcriptional regulation of specific promoters and showed that c-Jun in combination with Fra2 inhibits cell cycle arrest under both confluency and low-serum conditions for cultured NIH 3T3 mouse fibroblasts.
MATERIALS AND METHODS Plasmids and retroviruses.
To construct the tethered JunϳFos molecules, several restriction sites and a FLAG epitope were introduced by high-fidelity PCR using specific oligonucleotide primers and cloned into pBluescript. For c-Jun, JunB, and JunD, a HindIII site was generated at the 3Ј end of each coding sequence, removing the stop codon. For c-Fos, Fra1, and Fra2, an XhoI site was created in front of the initiation codon, while the FLAG sequence with a stop codon (5Ј-GAC TAC AAG GAC GAC GAC GAC AAG TGA-3Ј) was introduced at the end of the coding sequence followed by an EcoRI site. An XbaIHindIII fragment from the pBluescript-cJun plasmid was ligated with a HindIIIXhoI double-stranded oligonucleotide linker encoding the polypeptide tether (5Ј-AAG CTT GGG GGA TCA GGC GGA GGT GGA GGA TCC GGT GGC GGT GGC TCG AGC-3Ј) and then inserted into XbaI-XhoI-linearized pBluescript-cFosFLAG vector. Other tethered molecules were constructed in the same way. Constructed coding regions were verified by sequencing. The c-Fos template used throughout our studies contained five amino acid substitutions present in v-Fos. Miller and colleagues have shown that these substitutions do not modify the properties of mouse c-Fos; in particular, they did not confer a transformed phenotype (23) .
The mutated version of c-JunϳFra1 (c-Jun‫ء‬ϳFra1) was constructed by the replacement of an AccI-Psp 1406 fragment from pBluescript-cJun-ϳFra1 by the corresponding mutated fragment from RSVcJunDB-4 (a kind gift from D. Bohmann), where the critical Lys-Cys amino acid pair, located in the c-Jun DNA binding domain, was mutated to Ile-Asp (3).
To construct the JunϳFos expression vectors, the corresponding cDNA coding sequences were excised from pBluescript constructs by using the appropriate restriction sites and ligated into either a cytomegalovirus (CMV)-driven expression vector (pCG; a kind gift from F. Thierry) or the pBabe-puro vector (24) . Retroviral supernatants were prepared as previously described (22) using transient transfection into the pNXeco packaging cell line. The ⌬Jun expression vector was described previously (13) .
Culture conditions and generation of cell lines. NIH 3T3 and 293 cells were cultured in Dulbecco minimal essential medium (DMEM) containing 7% (or 0.5%) fetal calf serum (FCS). To generate NIH 3T3/c-JunϳFos and NIH 3T3/ puro control cells, NIH 3T3 cells were seeded at a density of 10 5 cells in a 6-cm-diameter dish and infected with approximately 10 6 CFU of each pBabe virus in 2 ml of DMEM containing 8 g of Polybrene/ml for 3 h. The infection medium was subsequently diluted by addition of an equal volume of fresh medium, and cells were cultured for an additional 12 h. Cells were then rinsed and split in three 10-cm-diameter dishes, and 5 g of puromycin/ml was added to the culture medium after 24 h. Puromycin-resistant colonies were then pooled.
Fuorescence microscopy. Fluorescence microscopy was described previously (20) . Cells were costained with DAPI (4Ј,6Ј-diamidono-2-phenylindole) (Sigma) for DNA and with a mouse monoclonal anti-FLAG antibody (Kodak) followed by fluorescein isothiocyanate (FITC)-coupled anti-mouse antibody (Amersham) for the expressed protein. Cells were observed under a Zeiss Axiophot epifluorescence microscope, and photographs were taken with Kodak films.
Flow cytometry and measurement of DNA synthesis. For flow cytometry cell cycle analysis, cells were tripsinized and collected by centrifugation at 2,000 rpm for 5 min and resuspended in 0.1% Na citrate, 0.1% Triton X-100, 50 g of propidium iodide/ml, and 50 g of DNase-free RNase (HSS buffer)/ml. To discriminate sub-G 1 cells, trypsinized cells were eventually fixed overnight in ice-cold 70% ethanol and rinsed with phosphate-buffered saline prior to resuspension in HSS buffer. Analysis was carried out on an Epics XL Flow Cytometer (Coulter), and cell cycle phases were estimated using the Multiplus Software (Phoenix Systems).
In vitro protein synthesis and EMSA. Proteins were prepared for in vitro studies using the TNT rabbit reticulocyte coupled transcription-translation system (Promega). The mixture was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to nitrocellulose filters, and probed using the indicated antibodies or used for electromobility shift assays (EMSA).
EMSA for AP-1 were performed as described previously (30) . Briefly, equivalent amounts of in vitro-synthesized proteins or cell extracts were preincubated for 10 min in 10 mM HEPES (pH 7.0), 100 g of bovine serum albumin (BSA)/ml, 20% glycerol, 2 mM dithiothreitol, 0.5 mM spermidine, 2 mM MgCl 2 , and 1 g of poly(dI-dC). Then, 50 ng of double-stranded 32 P-labeled oligonucleotide was added and the mixture was incubated on ice for 15 min. DNAprotein complexes were resolved on 8% native polyacrylamide-Tris-borate-EDTA (TBE) gels, dried, and visualized by autoradiography and phosphorimager (Molecular Dynamics).
The following oligonucleotides were used: MMP1, corresponding to the TRE element present in the collagenase promoter (17) (5Ј-GGC TAG CTG ACT CAG ATG TCC-3Ј); Jun1 and Jun2, corresponding to the two CRE-like element present in the human c-jun promoter (38) (5Ј-AGC TGG GGT GAC ATC ATG GG-3Ј and 5Ј-AGC TAG CAT TAC CTC ATC CC-3Ј, respectively); CCND1-1 and CCND1-2, corresponding to the TRE and CRE elements presents in the human cyclin D1 promoter (15) (5Ј-TTA AAA TGA GTC AGA ATG GAG ATC ACT GT-3Ј and 5Ј-CTT AAC AAC AGT AAC GTC ACA CGG ACT AC-3Ј, respectively); and CCNA2, corresponding to the CRE element present in the human cyclin A promoter (14) (5Ј-CGC CTT GAA TGA CGT CAA GGC CGC-3Ј).
Preparation of protein extracts and immunoblotting. Whole-cell extracts were prepared in a mixture of 50 mM Tris (pH 7.6), 400 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP-40, 0.5 g of of leupeptin/ml, 0.5 g of aprotinin/ml, 0.5 g of pepstatin A/ml, and 1 mM phenylmethylsulfonyl fluoride (all from Sigma). Western blotting procedures and c-Jun antibodies were described previously (20) . Cyclin A-, cyclin D1-, cyclin E-, p21-, p27-, actin-, and tubulin-specific antibodies were purchased from Santa Cruz.
Reporter assays. NIH 3T3 and 293 cells were transfected by calcium phosphate coprecipitation with Renilla luciferase expression vector and one of the following reporter plasmids: MMP1-luc (Coll517luc [17] ) provided by P. Herrlich, CCND1-luc (⌬973CD1luc [15] ) provided by R. Müller, Jun-Luc (Junluc [38] ) provided by H. van Dam, and CCNA2-luc (pWTluc [14] ) provided by J. Sobczac-Thepot. In the case of 293 cells, Jun, Fos, or JunϳFos, expression vectors were included. Luciferase assays were performed using the Promega dual luciferase kit by following the manufacturer's instructions.
Proliferation curves. Triplicate cultures of NIH 3T3/puro (control) or NIH 3T3/c-JunϳFos cells were seeded in medium containing 7 or 0.5% serum. Adherent cells were trypsinized and counted daily using a Coulter ZI cell counter.
RESULTS

Design of tethered Jun-Fos proteins.
Coding regions of cJun and Fra1 cDNAs were fused in frame via a synthetic oligonucleotide which encodes a glycine-rich polypeptide tether of 18 amino acids (Fig. 1A) . Glycine residues maximize flexibility, and interspersed serine residues increase hydrophilicity. Since the three-dimensional structures of intact Jun and Fos proteins are not known, the length of the tether was chosen based on estimated dimensions of the leucine zipper and basic-domain helices and on the postulated sizes and flexibilities of the different domains relative to each other (11) . To facilitate subsequent analyses, a FLAG epitope tag was added at the C terminus of the fusion protein. To test whether the resulting molecule formed single-chain AP-1 by forced dimerization, coding sequences of c-Jun, Fra1, or c-Jun-Fra1 (the covalent dimer) were translated in the reticulocyte lysate system. c-Jun, Fra1, or the c-JunϳFra1 polyprotein were the predominant translation products, migrated at the expected size, and were recognized by the appropriate antibodies (Fig.  1B) . Moreover, the tethered c-JunϳFra1 protein showed similar mobility on gel filtration columns as mixed, nondenaturated monomers (data not shown). EMSA showed that c-JunϳFra1 protein bound the consensus TRE element with a mobility shift similar to that of a mixture of c-Jun and Fra1 (Fig. 1C) . These results strongly suggest that the single-chain molecules fold correctly to form genuine pseudodimers. Mutation of the critical Lys-Cys amino acid pair in the basic region of the c-Jun part (Fig. 1C) or excess of unlabeled AP-1 probe abolished formation of the complex between c-JunϳFra1 and the TRE (data not shown), further demonstrating the maintenance of specific DNA recognition after intramolecular dimerization. Moreover, the c-JunϳFra1 protein showed nuclear localization in transiently transfected HeLa cells, as visualized by indirect immunofluorescence using the anti-FLAG antibody ( Fig. 1D ) as well as anti-c-Jun and anti-Fra1 antibodies (data not shown). Similar constructs were generated for all combinations between Jun (c-Jun, JunB, and JunD) and Fos (c-Fos, Fra1, and Fra2) proteins and showed nuclear localization and DNA binding properties comparable to those of mixtures of the corresponding monomers (not shown).
Tethered JunϳFos polyproteins are more resistant to interfering monomers. We next investigated whether tethered Junϳ Fos molecules bind DNA predominantly as intramolecular pseudodimers or promiscuously as intermolecular dimers with other single chains or with free monomers in the cell. To distinguish between these two possibilities, sensitivity to intervening monomers was compared between c-JunϳFra1 and a mixture of c-Jun and Fra1 monomers. We used ⌬Jun, a dominant-negative form of c-Jun lacking amino acids 1 to 168, as the intervening monomer. Since it retains the bZIP domain of c-Jun, ⌬Jun dimerizes with Jun and Fos proteins and binds to the TRE but shows reduced transactivation capacity (16) . If tethered c-JunϳFra1 folds into a stable intramolecular dimer, it should be less sensitive to excess ⌬Jun than intermolecular dimers. A c-JunϳFra1 vector or a mixture of c-Jun-and FLAG-tagged Fra1-expressing vectors (c-Jun plus Fra1) were cotransfected with an expression vector encoding FLAGtagged ⌬Jun in 293 cells, and proteins of the expected sizes were visualized by anti-FLAG and anti-c-Jun antibodies ( . When ⌬Jun was cotransfected, the c-Jun-plus-Fra1 monomer mixture was efficiently disrupted as judged by the quasi disappearance of the major retarded band and the concomitant appearance of a faster migrating species corresponding to ⌬Jun-containing dimers (Fig. 2B , lanes 9 to 11). In contrast, DNA binding of the tethered c-JunϳFra1 molecule was far more resistant to the addition of ⌬Jun (Fig. 2B , lanes 4 to 7), and a decrease of DNA binding was observed only at the highest ⌬Jun level tested (Fig.  2B , lane 7). This suggests that some interaction between the tethered protein and ⌬Jun can occur when the latter is present in vast excess. Transfected ⌬Jun seems to preferentially associate with free Fra1 monomer since homodimerization with itself (lanes 2 and 3) or with transfected c-Jun (lanes 9 to 11) was not detected under the experimental conditions used. The effect of ⌬Jun on c-JunϳFra1 was further examined using a luciferase reporter construct driven by TREs within the 517-bp promoter fragment of the human collagenase gene (MMP1-luc [17] ). As shown in Fig. 2C , both c-JunϳFra1 and c-Jun plus Fra1 activated the collagenase promoter to a similar extent in the absence of ⌬Jun. When the ⌬Jun expression vector was cotransfected, the forced dimer was substantially resistant to added ⌬Jun, whereas low doses of ⌬Jun efficiently inhibited transcriptional activation by c-Jun plus Fra1 (Fig.  2C ). Only at higher levels of ⌬Jun was forced dimer activation progressively reduced, but to a lesser extent. This could have been due to competitive occupation of the AP-1 target sites by ⌬Jun dimers or to interactions between ⌬Jun and c-JunϳFra1. Similar results were obtained using the tethered c-JunϳcFos molecule (not shown). These data support the view that tethering Jun to Fos molecules strongly reduces their direct interaction with endogenous bZIP monomers and can be used as a tool to study molecular and phenotypic effects of individual AP-1 dimers.
Transcriptional specificity of single-chain AP-1 molecules. A major unsolved issue concerns the differences in transcriptional activation and target gene specificity of different AP-1 heterodimers. We therefore examined the binding and transactivation selectivities of five c-Jun-containing tethered AP-1 proteins by using gel retardation and reporter assays. c-JunϳATF2, c-Junϳc-Jun, c-JunϳFra1, c-JunϳFra2, and c-JunϳcFos were produced in reticulocyte lysate and assayed for binding to five oligonucleotides derived from three different promoters: a consensus TRE element present in the human collagenase promoter (MMP1) actively bound by Jun-Fos dimers, two CRE-like elements (Jun-1 and Jun-2) present in the human c-jun promoter that have been shown to bind efficiently Jun-ATF2 dimers and not Jun-Fos dimers (38) , and two elements (CCND1-1 and CCND-2) present in the human cyclin D1 promoter that have been proposed to be targets for Jun-containing dimers (15) . The relative amounts of synthesized proteins were controlled by anti-Flag Western blotting (Fig. 3A) , and the results of a representative gel retardation experiment is shown in Fig. 3B : noticeably, c-JunϳcFos dimers showed an exclusive binding to TRE elements (MMP1 and CCND1-1), compared with CRE elements. The two other JunϳFos tethered dimers showed a milder site selectivity since 14) . The postulated identity of the retarded bands specific for c-JunϳFra1, c-Jun-Fra1, and ⌬Jun-Fra1 are indicated. All lanes are from the same gel and can be compared directly. For the assay, 0 g (lanes 1, 4, and 8), 2.5 g (lanes 2, 5, and 9), 5.5 g (lanes 3, 6, and 10), and 9.5 g (lanes 7 and 11) of ⌬Jun was cotransfected together with the empty expression vector (0.5 g), c-Jun plus Fra1 (0.25 g of each), or c-JunϳFra1 (0.5 g) plasmids. (C) Reporter assay. 293 cells were transiently transfected with c-JunϳFra1 (0.5 g) or mixtures of c-Jun (0.25 g) plus Fra1 (0.25 g) and increasing amounts (0, 0.2, 0.5, 1, 2, and 4 g, respectively) of ⌬Jun expression vector. All transfections contained 1 g of the MMP1-luc reporter plasmid, and each amount of total DNA transfected was made the same by using the empty expression vector. Luciferase activity was normalized to a Renilla internal control. Numbers in parentheses are the percentages of activity compared to the zero ⌬Jun data point. c-JunϳFra1 and c-JunϳFra2 could bind the CRE elements present in Jun-1, Jun-2, and CCND1-2. On the other hand, and in agreement with the previously published studies (37, 38) , the c-JunϳATF2 dimer showed a clear preference for CRE-type elements, especially Jun-1. Finally, we could not detect any binding of the c-Junϳc-Jun tethered homodimer in the binding conditions we used. We then assayed the transactivation specificity of these five c-Jun-containing dimers by using transient cotransfection of the corresponding expression vectors together with reporter constructs. Three different promoter-luciferase constructs were used: the human collagenase promoter (MMP1) as a bona fide Jun-Fos-controlled promoter, a 1,090-bp human c-jun promoter fragment (JUN) containing both Jun-1 and Jun-2 elements, and a 970-bp human cyclin D1 promoter fragment (CCND1) containing both CCND1-1 and CCND1-2 elements. Expression of the tethered proteins was checked by Western blotting and the different single-chain proteins migrated as expected, with c-JunϳATF2 and c-Junϳc-Fos being less abundant (Fig. 3C) . Similar results were obtained using either HeLa (not shown) or 293 (Fig. 3D) cells. For the MMP1 reporter, and in agreement with the gel retardation results, c-Junϳc-Fos was the strongest activator, followed by c-JunϳFra2, c-JunϳFra1, and the two non-Fos dimers. Since c-Junϳc-Fos is present at lower levels than c-JunϳFra1 or c-JunϳFra2 (Fig.  3C) , the difference among these three constructs may be even greater. In contrast, c-JunϳATF2, which was a poor activator of the MMP1 promoter, was the strongest activator for the Jun promoter, and c-Junϳc-Fos was the least potent activator of this promoter. Finally, three constructs containing Fos proteins, c-JunϳFra1, c-JunϳFra2, and c-JunϳcFos, activated the CCND1 promoter, while transactivation by c-JunϳATF2 and c-Junϳc-Jun was only marginal. The molecular basis for the observed decreased selectivity of the CCND1 promoter towards the three different Fos proteins might be due to the lower binding selectivity of the CCND1-1 TRE element present in this promoter toward the three Fos dimers, as well as to the contribution of the CCND1-2 CRE element (Fig. 3B) .
Taken together, these data indicate that c-JunϳFos dimers bind and efficiently activate TRE-type motifs while JunϳATF2 prefers the atypical CRE-like motifs that are found in the Jun promoter. Moreover, the different JunϳFos dimers show subtle differences in their relative binding and activation of AP-1-controlled promoters. c-JunϳFra1 and c-JunϳFra2 dimers bind and activate the Jun promoter more efficiently that c-JunϳFos-forced dimers.
Phenotypes of cultured cells stably expressing tethered JunFos proteins.
To analyze cellular phenotypes associated with specific AP-1 composition, we established NIH 3T3-derived cell lines stably expressing tethered JunϳFos proteins. Coding sequences for c-JunϳFra1, c-JunϳFra2, and c-Junϳc-Fos were cloned into the pBabe-puro retroviral vector (24) . After retroviral gene transfer and puromycin selection, pools of infected cells were analyzed by immunofluorescence using an anti-FLAG antibody, and the transduced proteins showed the expected nuclear localization (Fig. 4A) . The expression level was also analyzed by Western blotting using either anti-c-Jun antibody (Fig. 4B) or anti-FLAG antibody (not shown). Compared to the amount of endogenous c-Jun expressed in these cells, exogenous proteins were estimated to be expressed at levels of one-to threefold relative to the endogenous c-Jun (Fig. 4B) . In spite of its low expression level, c-Junϳc-Fos activated a transiently transfected MMP1-luc reporter up to sixfold, while c-JunϳFra1 and c-JunϳFra2 activated the same reporter only two-and fourfold, respectively (Fig. 4C) . The strong activation by c-Junϳc-Fos is consistent with the data obtained using transient cotransfection in 293 cells (Fig. 3D) , even though these pools of infected cells are likely to express less tethered proteins per cell than transiently transfected cells.
No obvious morphological differences were observed between cell populations expressing the different single-chain AP-1 molecules (Fig. 4D) . However, we noticed that c-JunϳFra2-expressing cells reached higher saturation density than the others. To investigate this further, cell cultures expressing vector, c-JunϳFra1, c-Junϳc-Fos, and c-JunϳFra2 were seeded at low density in medium containing 7% serum and adherent cells were counted daily. During the first 4 days of culture, all growth curves were virtually identical (Fig. 4E) . However, at later time points, when cell numbers for control, c-JunϳFra1, and c-Junϳc-Fos became constant, the c-JunϳFra2 cells continued growing for another 2 days and reached a substantially higher saturation density (Fig. 4E) . Moreover, estimated doubling times were shorter for c-JunϳFra2 cells (approximately 19 h) than for the three other cell lines (22 to 24 h). To explore the molecular basis for the different sensitivity to confluency, cell cycle parameters were determined by flow cytometry on days 2, 5, and 9. Control and c-JunϳFra1 cells were already growth arrested after 5 days of culture, as judged by the low percentage of cells in S phase at days 5 and 9. In contrast, c-JunϳFra2 and c-Junϳc-Fos cells were still actively synthesizing DNA at day 5, based on higher S-phase cells than at day 9 (Fig. 4F) . The higher S-phase cell population of cells expressing c-JunϳFra2 (on days 2 and 5) was associated with higher percentage of G 2 /M cells and a lower percentage of G 0 /G 1 cells (data not shown). These data suggest that c-JunϳFra2 promotes cell proliferation at otherwise saturation density. The shortened doubling time was correlated with an increase in S, G 2 , and M compartments of the cell cycle. In other words, cells expressing c-JunϳFra2, but not other tethered dimers, are less sensitive to contact inhibition.
An alternative to confluency, deprivation of serum or growth factors is widely used to render NIH 3T3 cells quiescent. We therefore cultured the control and the three c-JunϳFos cells in medium containing 0.5% serum. After 48 h, c-JunϳFra2 cultures showed fewer floating, shrunken cells than control, c-JunFra1 or c-Junϳc-Fos cultures (Fig. 5A) . While the population of adherent control, c-JunϳFra1 or c-Junϳc-Fos cells did not increase in serum with a low concentration, c-JunFra2 cells substantially increased in number (Fig. 5B) . In addition, flow cytometry analyses indicated that this increase correlated with an increase in S and G 2 /M cells ( Fig. 5C and D) and with a substantial decrease in cells with less than diploid DNA content, representative of dead cells (Fig. 5C and D) . To visualize replicating cells, cultures were pulse labeled with BrdU for 2 h after 48 h of serum deprivation. While nuclear labeling was undetectable in the control cells and low in c-JunϳFra1 and c-Junϳc-Fos cultures, numerous BrdU-positive cells were detected in c-JunϳFra2 cultures, confirming that these cells actively synthesize DNA in low-serum culture conditions (Fig. 5E) . These results indicate that c-JunϳFra2 34) . To obtain further insights into the molecular basis for the resistance to growth arrest of the c-JunϳFra2 cells, we performed immunoblot analyses for cyclins and CDK inhibitors involved in G 1 and G 1 /S progression. We prepared extracts from exponentially growing cells and serum-deprived cells. Protein levels of cyclin D1, cyclin A, cyclin E, p21, and p27 were rather similar between the different cells when they were exponentially growing in normal medium (Fig. 6A) . In a low level of serum, however, cyclin E, cyclin A, and p21 protein levels were higher in the c-JunϳFra2 cells (Fig. 6B) . These results suggest that the reduced sensitivity to growth factor deprivation of c-JunϳFra2 expressing cells is correlated with a failure to modulate cyclin expression.
To investigate whether c-JunϳFra2 is directly involved in transcriptional regulation of cyclins, we analyzed the activation of transfected reporter promoters constructs for cyclin D1 (CCND1-luc) and cyclin A (CCNA2-luc) in exponentially growing and serum-deprived cells. Both constructs contain human promoter fragments (14, 15) , which show similar regulation as their murine counterparts (8, 29) . The CCND1 promoter is activated most efficiently by c-Junϳc-Fos in normal serum conditions while activation of the CCNA2 promoter is only marginal (Fig. 6C) . In a low serum concentration, c-JunϳFra2 activated the CCND1 promoter almost as efficiently as c-Junϳc-Fos. Furthermore, c-JunϳFra2 substantially and reproducibly activated the CCNA2 reporter significantly better than the other dimers (Fig. 6D) . Consistently, transient introduction of c-JunϳFra2 in the vector-infected control cells also activated the CCNA2 reporter (Fig. 6D , vector ϩ c-JunϳFra2). These data suggest that c-JunϳFra2 is directly responsible for high cyclin A protein levels in serumdeprived c-JunϳFra2 cells. We also performed parallel experiments using a cyclin A reporter construct mutated in the CRE site located at Ϫ76 bp in the promoter. This site has been shown to be important for cyclin A regulation at the G 1 /S transition (7) and required for the downregulation of cyclin A transcription upon contact inhibition (41) . The mutated reporter construct did not respond to c-JunϳFra2, in both lowand high-serum-level conditions (data not shown), suggesting that c-JunϳFra2 activates the cyclin A promoter through binding to the CRE element. Moreover, we showed, using in vitrosynthesized proteins and gel retardation assays, that c-JunϳFra2 can indeed bind an oligonucleotide derived from the cyclin A promoter and containing an intact CRE element (data not shown). Taken together, these expression studies indicate that c-JunϳFra2 can specifically affect, probably through the regulation of cyclin A expression, the cell cycle progression of mouse fibroblasts.
DISCUSSION
The AP-1 transcription complex plays an important role in specifying cell fate decision in several biological settings. The well-studied Jun/Fos families include positively and negatively acting monomers that can dimerize with each other in various combinations. An important implication is that changes in the levels of just one monomeric component could radiate to yield significant qualitative and quantitative shifts in many or even all members of the active multimer pool. This would, in turn, give rise to different regulatory outputs. Moreover, changes in concentration could be quite subtle and still have significant effects. For example, we and others have shown that cyclin D1 expression in fibroblasts is sensitive to a threefold difference in the relative levels of Jun proteins (2, 27, 40) . Learning how these AP-1 shifts ultimately lead to major changes in cellular phenotype requires dealing with their combinatorial character. In this study, we have begun to test a new strategy for dissecting the regulatory capacity of specific AP-1 dimers.
Design and characterization of tethered JunϳFos molecules. To reduce the complexity of the AP-1 network, we attempted to construct forced JunϳJun, JunϳFos, and JunϳATF dimers that cannot exchange with free monomers. Following the successful examples in the literature, using the MyoD and E47 bHLH transcription factors (25, 35) , we designed synthetic molecules in which two complete AP-1 dimerization partners are placed in close proximity so that they preferentially form an intramolecular forced pseudodimer. One could suspect that linking one monomer to another might impair proper protein folding. However, since entire monomer units remain intact, tethering two monomers may be no more disruptive than routine domain shuffles that combine DNA-binding domains from one factor with a transactivation domain from another. Nor is it more disruptive than dimerization domain swapping or mutagenesis in order to restrict dimerization to one or more partners (1, 4, 31, 37) . It is possible that two linked molecules might associate with each other through intermolecular bZIP-bZIP interactions to generate tetrameric (or even higher-order) forms. Alternatively, linker proteolysis could produce free constituent monomers from the tethered construct. However, the DNA-binding properties of our single-chain proteins suggest that tethered JunϳFos constructs fold into active pseudodimers rather than forming tetramers or dimers of proteolytic products. In support of this, we observed a similar mobility on gel filtration columns for tethered AP-1 dimers as their unlinked dimeric counterparts (result not shown) and demonstrated that the major TRE-binding activity in c-JunϳFra1 expressing cells were resistant to ⌬Jun, except when in large molar excess.
Resistance to the effect of dominant-negative c-Jun was also observed at the transcriptional level, since activation of the collagenase promoter by the c-JunϳFra1 protein was far less sensitive to ⌬Jun inhibition than activation by the corresponding monomer mixture. Resistance to ⌬Jun challenge implies that once introduced into cells, such tethered molecules are insulated from endogenous bZIP proteins. Conversely, resistance of the tethered form to ⌬Jun can be used to discriminate between direct activation by forced AP-1 dimers or secondary activation through induced expression of endogenous Jun and Fos proteins. Our studies are in line with previous work using tethered MyoDϳE47 proteins that showed that intramolecular folding of this dimeric transcription factor could be achieved as soon as the tether was of sufficient length and flexibility and that such linked molecules behave like natural dimers (25) . Moreover, structural studies performed with a tethered MASH-1 homodimer further supported the hypothesis that such constructs form intramolecular dimers (35) .
Sequence and promoter selectivity. In the course of this study, we have generated single-chain dimers between c-Jun and c-Fos, Fra1, Fra2, and ATF2 as well as c-Jun homodimers and confirmed that the different tethered proteins retain selectivity toward DNA target sites in a series of gel retardation and reporter assays. Using in vitro-synthesized proteins, we showed that tethered JunϳFos dimers prefer TRE elements while c-JunϳATF binds better to CRE sequences. We confirmed these observations by using transient-expression and reporter assays. In transient transfection, JunϳFos dimers activated the previously characterized Jun-Fos-controlled collagenase promoter more efficiently than c-Junϳc-Jun or c-JunϳATF2 dimers, while the latter dimers were more potent activators of the Jun-ATF-controlled c-Jun promoter. Furthermore, mutation of the previously characterized AP-1 responsive elements on these reporter constructs abolished activation by the tethered dimers (not shown). These experiments showed that the tethering manipulations did not produce regulators with decreased selectivity when compared to free dimers, at least for these previously defined DNA target sites.
It is noteworthy that the activation of the cyclin D1 reporter by c-Jun-Fos dimers shows less sensitivity to the nature of the Fos partner than the collagenase reporter (Fig. 3) . Moreover, the binding selectivity of Jun-Fos dimers toward TRE elements depends on the identity of the Fos partner since c-JunϳFra1 and c-JunϳFra2 dimers bind CRE elements better than c-Junϳc-Fos. This could constitute the first indication of a reduced selectivity for Fos proteins of the AP-1 responsive sites on the cyclin D1 promoter together with the first indication of a different binding and transactivation activity among Jun-Fos dimers. Additional careful analyses, including comparison with corresponding mixtures of monomers, need to be performed, but this type of study could be extended to other promoters and will help in understanding the site specificity and transactivation properties of individual AP-1 dimers.
Phenotypic effects of stable JunϳFos expression in mouse fibroblasts. We further characterized the biological properties of the different tethered c-JunϳFos dimers by establishing pools of fibroblast cells expressing tethered c-JunϳFra1, c-JunϳFra2, and c-Junϳc-Fos proteins. The levels of overexpressed tethered proteins were modest compared to that of the endogenous c-Jun but sufficient to activate the collagenase reporter construct. Noticeably, the expression of the tethered c-Jun-c-Fos dimer was rather low, consistent with transienttransfection experiments. Repeated observation that c-Junϳc-Fos is expressed much less than other c-Jun-forced dimers seem to reflect inherent instability of c-Fos messages and proteins (12, 36) .
NIH 3T3/c-JunϳFra2 cultures reached higher saturation densities than control, c-JunϳFra1, and c-JunϳcFos cells and were more resistant to serum withdrawal. Analysis of cell cycle distribution by flow cytometry indicated that under conditions where control cells stopped proliferating and accumulated in the G 0 /G 1 compartment of the cell cycle, c-JunϳFra2-expressing cells were still able to progress through S and G 2 /M phases and further divide. This appeared to be the case both when cells were cultured to confluency and when they were deprived from growth factors by serum withdrawal. Nevertheless, sensitivity to cell-to-cell contacts was delayed rather than completely lost, since the c-JunϳFra2 cells cultures arrested at later time points (Fig. 4) , remained in monolayers, and did not grow in soft agar (not shown).
Upon serum withdrawal, c-JunϳFra2 cultures showed a reproducible increase in cell numbers compared to the other cultures, together with a decrease in the G 0 /G 1 phase, indicating that the c-JunϳFra2-expressing cells are indeed able to proliferate in a low level of serum. Moreover, we observed a substantial decrease in the sub-G 1 compartment, representative of dead cells, in c-JunϳFra2 cultures relative to the control cell cultures. In conclusion, the increase in c-JunϳFra2 cell numbers in low-serum-level culture conditions can be due to a combination of increased proliferation and decreased cell death.
The two other cell populations showed milder and different phenotypes when results were analyzed more carefully. For example, even though the proliferation curve of the c-Junϳc-Fos cells was identical to the control in both culture conditions, the percentage of S phase cells in the c-Junϳc-Fos cultures was always slightly higher than in the control cultures. This could point to a possible role of this particular dimer in cell cycle progression. On the other hand, both c-Junϳc-Fos and c-Junϳ Fra1 cells seemed to be slightly more sensitive to serum withdrawal than control cell lines, as judged by both morphology and the sub-G 1 proportion (Fig. 5) . It is possible that certain JunϳFos dimers alter cell cycle distribution, which was not apparent from their proliferation curves due to increased cell death. This has already been observed in other situations; for example, upon overexpression of the c-myc transcription factor (9) . An interesting issue for future experiments would be to compare the resistance of these cell lines to death-inducing stimuli, as it has been proposed that both c-Jun and c-Fos are important mediators of the cellular response to DNA damageinduced apoptosis (18, 32, 40) .
It is noteworthy that while Fra2 has been described as a less potent transactivator than c-Fos (for a review, see reference 10), overexpression of c-JunϳFra2 and not tethered c-Junϳc-Fos dimers is sufficient to override, at least partially, the growth arrest signals induced by both increased cell density and serum withdrawal. We have previously shown that in NIH 3T3 cells, Fra2 is the predominant Fos monomer expressed when cells are growing exponentially and the other Fos proteins can be detected only when cells are subjected to extracellular stimulation, such as addition of serum (20) . Since Fra2 is the major Fos species in nonstimulated exponentially growing NIH 3T3 fibroblasts, a restricted set of AP-1 dimers therefore seems sufficient to allow cell cycle progression. In other 3T3 cell lines, however, the set of possible AP-1 dimers can be larger since Fra1 has been shown to be expressed together with Fra2 in exponentially growing cells (19) . The three Jun proteins are expressed in fibroblasts (19, 20) , and numerous reports have suggested essential and opposite roles for Jun proteins in cell cycle progression; JunD and JunB monomers having a negative, antiproliferative role while c-Jun is the positive counterpart (2, 6, 27, 28, 39) . We have previously shown that, when NIH 3T3 fibroblasts are deprived of serum or are grown to saturating densities, the relative expression levels of Jun and Fos proteins are modified since only JunD remains detectable, while c-Jun and Fra2 levels drop significantly (20) . In NIH 3T3 mouse fibroblasts, down-regulation of c-Jun and Fra2 upon serum deprivation or cell-to-cell contact could therefore be a prerequisite for growth arrest. The phenotype of our c-JunϳFra2-expressing cells support this model. Consistent with the idea that full transformation requires several interacting Jun and Fos monomers, overexpression of the particular c-JunϳFra2 dimer in NIH 3T3 cells seems sufficient to initiate some aspects of transformation, like growth factor and contact-inhibition independence, but is not sufficient to completely bypass negative-growth regulators nor it is enough for full transformation. A combination of several Jun-Fos dimers might be necessary to achieve transformation. Alternatively, this partial effect may reflect the need for additional positive regulators other than AP-1.
We have analyzed the molecular basis of c-JunϳFra2-mediated growth factor independence. The results suggest that c-JunϳFra2-expressing cells continue to express cyclin A protein in a low-serum-level conditions. Moreover, a cyclin A promoter-reporter construct displayed a substantially higher activity when transfected in c-JunϳFra2 serum-deprived cells than in other cell lines and ectopic expression of c-JunϳFra2 increased cyclin A reporter activity. Therefore, the ability of this specific tethered dimer to override growth arrest signals and activate division-promoting pathways might be mediated, at least in part, through maintained expression of cyclin A in these cells. The molecular mechanisms leading to the modulation of cyclin D1, cyclin E, and p21 protein levels in the different c-JunϳFos-expressing cells remain to be further clarified but will certainly provide more insights into the role of individual AP-1 dimers in the control of cell cycle progression.
